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Yield of wheat across a subambient carbon dioxide
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Abstract
Yields and yield components of two cultivars of day-neutral spring wheat (Triticum
aestivum L.) were assessed along a gradient of daytime carbon dioxide (CO2) concentra-
tions from about 200 to near 350 µmol CO2 (mol air)–1 in a 38 m-long controlled
environment chamber. The range in CO2 concentration studied approximates that of
Earth’s atmosphere since the last ice age. This 75% rise in CO2 concentration increased
grain yields more than 200% under well-watered conditions and by 80–150% when
wheat was grown without additions of water during the last half of the 100-day growing
season. The 27% increase in CO2 from the pre-industrial level of 150 years ago (275 µmol
mol–1) to near the current concentration (350 µmol mol–1) increased grain yields of ‘Yaqui
54’ and ‘Seri M82’ spring wheats by 55% and 53%, respectively, under well-watered
conditions. Yield increased because of greater numbers of grains per spike, rather than
heavier grains or numbers of spikes per plant. Water use increased little with CO2
concentration, resulting in improved water use efficiency as CO2 rose. Data suggest that
rising CO2 concentration contributed to the substantial increase in average wheat yields
in the U.S. during recent decades.
Keywords: drought, historical increase in yield, Seri M82, water use efficiency, Yaqui 54, yield
components
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Introduction
Atmospheric carbon dioxide (CO2) concentration rose example, were about 50% and 60% greater, respectively,
from below 200 µmol mol–1 during the last Glacial period when plants were grown at today’s CO2 concentration
30–15 ky BP (Delmas et al. 1980; Neftel et al. 1988) to than the pre-industrial level. Yields were increased pro-
about 275 µmol mol–1 between 15 and 12 ky BP (Neftel portionally less, 20–50%, by elevating CO2 by 330 µmol
et al. 1988). It has risen about 30%, to the current mol–1 above the current concentration. Similarly dramatic
µ 360 µmol mol–1, since the Industrial Revolution 200 increases in growth have been reported for other C3
years ago (Bascastow et al. 1985; Friedli et al. 1986; Keeling species when CO2 was increased over subambient concen-
& Whorf 1994). trations (Polley et al. 1992; Dippery et al. 1995). By
These changes in atmospheric CO2 are small compared stimulating plant productivity, rising CO2 may have made
to those possible during the next century (Trabalka et al. possible the widespread domestication of plants at the
1985), but may have significantly influenced plant evolu- end of the Pleistocene (Sage 1995). The increase in CO2
tion (Ehleringer et al. 1991) and productivity (Johnson concentration during recent decades may have improved
et al. 1993). Per unit increase in CO2, growth of C3 harvestable yields of some crops (Gifford 1979).
plants is stimulated more over subambient than elevated Growth is usually less responsive to atmospheric CO2
concentrations (Baker et al. 1990; Allen et al. 1991). Seed when plants are limited by nutrients, light, or water
yields of soybean [Glycine max (L.) Merr.] (Allen et al. (Strain 1992), although the relative response of growth
1991) and rice [Oryza sativa L.] (Baker et al. 1990), for to CO2 may be maximal under these conditions. Wheat
yield increases less at elevated CO2 concentration,
for example, when the availability of water (GiffordCorrespondence: Wayne Polley, fax 11/817-770-6561, e-mail
polley@brcsun0.tamu.edu 1979; Sionit et al. 1980; Chaudhuri et al. 1990), nitrogen
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(Goudriaan & de Ruiter 1983), a mixture of nutrients linearly with distance along the chamber from (mean
6 SE) 352 6 2 µmol mol–1 at the entrance to 204 6 1 µmol(Sionit et al. 1981a), or light (Gifford 1977) are less than
mol–1 at the outlet. Blower speed was increased at nightoptimal than when these resources are abundant. Low
to vent CO2 generated by soil and plant respiration.resource levels probably limited the absolute increase in
The CO2 concentration at night increased from a meanplant growth and harvestable yield as atmospheric CO2
365 µmol mol–1 at the air inlet of the chamber to 400 µmolrose, but data at subambient concentrations are few
mol–1 at the chamber outlet.(Gifford 1977).
Photosynthetically active photon flux density (PPFD)We report yields of two daylength-neutral cultivars of
was measured on the glasshouse roof with a quantumspring wheat that were grown to maturity across a
sensor (Li-Cor Inc., Nebraska, USA; Model LI-190SB) andcontinuous daytime gradient in CO2 concentration from
above the polyethylene canopy with 1 m long linenear the Glacial level (200 µmol mol–1) to near the current
quantum sensors (LI-191SA). The PPFD incident on wheatconcentration (350 µmol mol–1). Plants were grown with
in the chamber was calculated by multiplying quantumabundant and limited water to determine effects of water
flux measured above the chamber by transmission of theavailability on the response of this important C3 crop to
polyethylene canopy (90%). The daily integral of PPFDpast changes in CO2 concentration. Low water availability
incident on plants in the 38 m chamber averaged 60% ofis considered a major limitation on agricultural productiv-
that outside the glasshouse. Attenuation of PPFD wasity (Loomis 1983). Data are used to address the possible
greatest in early morning and late evening. PPFD incidentcontribution of rising CO2 concentration to the historical on plants within the chamber approached 80% of that
increase in wheat yield in the U.S.
outdoors during midday. Daily total PPFD varied by 5%
among the five 7.6 m chamber lengths. The line quantum
sensor used does not employ a full cosine correction, andMaterials and methods
so underestimates diffuse radiation and light at low solar
angles. Attenuation of PPFD by the glasshouse andControlled environment chamber
polyethylene canopy therefore likely was lower than
Wheat was grown in an elongated chamber in which calculated.
plants were exposed during daylight to a continuous Dry bulb and dew point temperatures of air were
gradient in CO2 concentration from near 200–350 µmol regulated at the beginning of each 7.6 m length of the
mol–1 (Mayeux et al. 1993). The 38 m-long chamber is chamber with chilled-water cooling coils and resistance
located in a ventilated glasshouse and consists of five heating elements to track temporal changes in these
parallel, 7.6 m lengths of a 0.76 m-deep and 0.45 m-wide temperatures within the glasshouse. Regulation each
soil container. Aerial growth of plants was enclosed in a 7.6 m along the chamber suppressed the temperature
transparent and tunnel-shaped polyethylene cover that and humidity gradients that develop in a semi-closed
was attached to the top edges of the soil container. system. Dry bulb and dew point temperatures of air at
Polyethylene covers of adjacent lengths of the chamber the beginning and end of each length of chamber were
were connected by ducts to form a continuous 38-m monitored with 25 µm diameter thermocouples and
chilled-mirror hygrometers (General Eastern Instruments,system. The plastic-lined soil container was partitioned
Maine, USA; Model DEW-10), respectively. Vapor pres-into 0.6 m-long, water-tight compartments that were
sure deficit of air (VPD) at extremes of chamber lengthsfilled with fine sandy loam soil (Alfisol, Udic Paleustalfs;
was calculated from these data.Huckabee et al. 1977). Soil pH was 7.1 and initial organic
The mean dry bulb temperature of conditioned aircarbon content was 0.57%.
entering each 7.6 m length of chamber increased linearlyPhotosynthesis by plants within the chamber progress-
from 18.5 °C at the beginning of the experiment to 28.0 °Cively reduced the CO2 concentration of chamber air from
at the end. The VPD of conditioned air increased linearlythat in the glasshouse (about 350 µmol mol–1) to 200 µmol
from 0.9 to 2.5 kPa over the same period. Mean night-timemol–1 as air was moved by a blower from the air
temperature was 17 °C. Drybulb temperature increased aintake to the outlet of the system. The CO2 concentration
mean 3.8 °C and air VPD increased a mean 0.1 kPagradient was maintained during daylight each day (day-
between points of regulation located each 7.6 m alonglight period . 8 h on 75% of days) by automatically
the chamber. The repeated temperature and humidityvarying the rate of air flow through the chamber in
gradients within each of the five chamber lengths didresponse to changes in incident light. The CO2 concentra- not appear to influence measured responses.tion was measured each minute with an infra-red gas
analyser (Leybold-Heraeus, Hanau, Germany; Model
Culture and harvestBINOS 67) in air drawn from the chamber outlet and
sequentially from five points spaced at 7.6 m- intervals ‘Yaqui 54’ and ‘Seri M82’, day-neutral cultivars of spring
wheat, each were planted on 12 February 1991 in fouralong the chamber. Daytime CO2 concentration declined
© 1997 Blackwell Science Ltd., Global Change Biology, 3, 269–278
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0.6 m-long soil compartments in each of the five 7.6 m plants were thinned, by the volume of water lost during
the experiment (evapotranspiration).lengths of chamber (total of 20 compartments per culti-
The mean daytime CO2 concentration to which plantsvar). The spring wheat cultivar ‘Glennson’ was seeded
in each 0.6 m soil compartment were exposed wasinto 0.6-m compartments in the middle and at extremes
estimated from a linear regression of CO2 concentrationof chamber lengths well before Yaqui 54 and Seri M82
at the six locations routinely sampled on distance fromwere planted. Glennson wheat served as a photosynthetic
the air intake of the chamber (r2 5 0.95). Linear regressions‘sink’ for CO2 as air passed through the chamber, so that
were used to describe relationships between plant para-the desired CO2 gradient from near 350–200 µmol mol–1
meters and daytime CO2 concentration. Higher orderwas established by 26 February, while seedlings of Seri
polynomial regressions and other non-linear relationshipsM82 and Yaqui 54 were small.
rarely provided a better fit to the data. For each plantYaqui 54 is representative of ‘traditional’ tall cultivars,
parameter, separate linear regressions were fitted for eachand was released about 40 years ago. Seri M82 is a
cultivar and water treatment. Regressions were comparedsemidwarf type more representative of modern spring
with the F statistic (Weisberg 1980).wheats. Seedlings of the two cultivars were thinned on
three occasions to a final density of 96 plants in each
compartment on 17 April, the equivalent of 355 plants
Results
m–2. No fertilizer was provided. The nitrogen concentra-
tion of flag leaves from plants thinned on 17 April was
Growthhigh and uniform across the CO2 gradient, averaging
4.4% and 4.5% for Yaqui 54 and Seri M82, respectively, Leaf area index (LAI) of Yaqui 54 and Seri M82 at maturity
(Polley et al. 1993). increased linearly from about 1.0 and 1.4–2.0 and 3.0,
Soil water content was monitored weekly by neutron respectively, with the 75% increase in CO2 concentration,
attenuation through the exterior plywood wall of each regardless of watering regime (Fig. 1). Area was measured
compartment with a surface moisture gauge (Troxler on senescent leaves, so LAI during grain fill likely was
Electronics, North Carolina, USA; Model 3218). An empir- higher.
ically determined relationship between the volume of Above-ground biomass of well-watered Yaqui 54 and
water lost per compartment and the decline in gauge Seri M82 increased from about 230 and 310 g m–2 to an
reading from that at ‘field capacity’ was used to determine average of about 700 g m–2 over the 200–350 µmol mol–1
water deficit and to calculate water additions. Soil water CO2 gradient, a gain of 136–193% (Fig. 2). Withholding
in each compartment was restored to ‘field capacity’ water during the last half of the growing season signific-
weekly until 3 April. Additional water was withheld antly (P , 0.001) reduced above-ground biomass of each
from half of the soil compartments with Yaqui 54 and cultivar. The increase in biomass per unit increase in CO2
Seri M82 in each 7.6 m chamber length for the final 50 was halved by water stress in Seri M82, but did not differ
significantly (P . 0.75) between watering treatments indays of the 100-day growing season (droughted treat-
Yaqui 54.ment). Yaqui 54 was in the early boot stage when the
Plant height at harvest increased (P , 0.001) as CO2different water treatments were imposed, but Seri M82
rose, but was little affected by water treatment (notdid not have flag leaves.
shown). Mean height of well-watered Seri M82 increasedNumbers of vegetative tillers and spikes in each com-
from 0.45–0.57 m and that of Yaqui 54 rose from 0.48–partment were recorded on 22 May, after wheat matured.
0.66 m with the near 150 µmol mol–1 increase in CO2Spikes were harvested, oven-dried at 60 °C, and individu-
concentration.ally threshed by hand. Grains per spike were counted,
and grain and chaff were weighed. Remaining above-
ground tissues were separated into stems and leaves
Grain yield(sheaths and leaf blades), dried, and weighed. Area was
measured before drying on a subsample of senescent and, Grain yield of well-watered plants of each cultivar more
when necessary, unfurled leaves from each compartment than tripled and yield of droughted Yaqui 54 increased
with a photoelectric leaf area meter. Leaf area per com- about 150% with the near 150 µmol mol–1 increase in
partment was calculated by multiplying total leaf mass CO2 concentration (Fig. 3). The linear relationship
by specific leaf area of the subsample. Harvest index for between grain yield and CO2 was only marginally signi-
each compartment was the ratio of grain mass to total ficant (P 5 0.07) in droughted Seri M82, however. Grain
above-ground biomass. Apparent water use efficiency yield was significantly (P , 0.005) higher in Seri M82
(WUE) per compartment was calculated by dividing total than Yaqui 54 under well-watered conditions, but the
increase in yield per unit increase in CO2 concentrationabove-ground biomass, including that removed when
© 1997 Blackwell Science Ltd., Global Change Biology, 3, 269–278
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Fig. 2 Above-ground biomass at maturity of well-watered (filledFig. 1 Leaf area index (LAI) at maturity of well-watered
symbols) and droughted (open symbols) plants of two cultivars(filled symbols) and droughted (open symbols) stands of two
of spring wheat grown across a subambient CO2 gradient. Solidcultivars of spring wheat grown across a subambient CO2
lines are linear regressions of biomass of well-watered Serigradient. Solid lines are linear regressions of LAI of well-
M82 (y 5 –254 1 2.83x, r2 5 0.80, P , 0.001) and Yaqui 54watered Seri M82 (y 5 –1.4 1 0.013x, r2 5 0.90, P , 0.001)
(y 5 –359 1 2.94x, r2 5 0.84, P , 0.001) on CO2. Dashed lines areand Yaqui 54 (y 5 –0.29 1 0.006x, r2 5 0.50, P 5 0.033) on
linear regressions of biomass of droughted Seri M82CO2. Dashed lines are linear regressions of LAI of droughted
(y 5 –12 1 1.39x, r2 5 0.68, P 5 0.003) and Yaqui 54Seri M82 (y 5 –0.05 1 0.008x, r2 5 0.60, P 5 0.009) and
(y 5 –298 1 2.35x, r2 5 0.88, P , 0.001) on CO2. Dotted lines depictYaqui 54 (y 5 –1.5 1 0.011x, r2 5 0.82, P 5 0.008) on CO2.
95% confidence intervals for regression lines.Dotted lines depict 95% confidence intervals for regression lines.
mass of well-watered plants was not affected by CO2 indid not differ significantly (P . 0.75) between cultivars
Seri M82 (mean 5 34.9 6 1.0 mg) and changed little inunder either watering regime.
Yaqui 54 above about 250 µmol mol–1 CO2. Mass perGrain yield increased proportionally more than did
grain declined at higher CO2 concentrations (P 5 0.02)above-ground biomass in well-watered plants because of
in Seri M82 and did not change significantly with CO2a 20–42% increase in harvest index over the full CO2
treatment (P 5 0.57) in Yaqui 54 when water was withheldgradient (Fig. 4). Harvest index changed little above
during grain fill.about 250 µmol mol–1 in well-watered wheat, however,
By contrast, the number of grains per spike was highlyand was not significantly affected by CO2 when water
sensitive to CO2 concentration. Grains per spike morewas withheld during the latter half of the growing season.
than doubled in Yaqui 54 and droughted Seri M82 andTiller density (no. m–2) at harvest was not closely associ-
more than tripled in well-watered Seri M82 from 200 toated with CO2 concentration (r2 5 0.07–0.5) in either
350 µmol mol–1 CO2 (Fig. 7). Per unit rise in CO2cultivar, and was not strongly depressed by withholding
concentration, grains/spike increased by a similarwater (Fig. 5). Consequently, spike density did not change
amount in three of the four cultivar and watering treat-significantly with CO2 concentration (P 5 0.13–0.58). The
ment combinations. The increase was greatest in well-mean mass of individual grains was also not strongly or
consistently influenced by CO2 (Fig. 6). Individual grain watered Seri M82 (P , 0.05).
© 1997 Blackwell Science Ltd., Global Change Biology, 3, 269–278
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Fig. 4 Harvest index of well-watered (filled symbols) andFig. 3 Grain yield of well-watered (filled symbols) and droughted
droughted (open symbols) plants of two cultivars of spring(open symbols) plants of two cultivars of spring wheat grown
wheat grown across a subambient CO2 gradient. Solid lines areacross a subambient CO2 gradient. Solid lines are linear
linear regressions of the index for well-watered Seri M82 (y 5regressions of grain yield of well-watered Seri M82 (y 5
0.153 1 0.001x, r2 5 0.41, P 5 0.05) and Yaqui 54 (y 5–214 1 1.61x, r2 5 0.71, P 5 0.002) and Yaqui 54 (y 5
0.27 1 0.0005x, r2 5 0.51, P 5 0.02) on CO2. Dotted lines depict–196 1 1.40x, r2 5 0.82, P , 0.001) on CO2. Dashed lines are
95% confidence intervals for regression lines. Harvest index oflinear regressions of grain yield of droughted Seri M82 (y 5
droughted plants was not related to CO2.–7.1 1 0.51x, r2 5 0.35, P 5 0.07) and Yaqui 54 (y 5 –69 1 0.70x,
r2 5 0.61, P 5 0.007) on CO2. Dotted lines depict 95% confidence
intervals for regression lines.
although only marginally so in droughted Seri M82 (P 5
0.10), and similar in magnitude (Fig. 8). WUE increased
Evapotranspiration and water use efficiency
from less than 2 to about 3 g L–1 with increasing CO2.
WUE tended to be higher in droughted than well-wateredThe large increases in biomass and leaf area as CO2 rose
were accompanied by smaller increases in evapotranspir- plants because above-ground biomass declined less than
did evapotranspiration when water was withheld.ation (data not shown). The total volume of water added
to maintain soil in compartments with Seri M82 near The level of water stress that developed in droughted
treatments over the 50 days of deprivation was not severefield capacity ranged from 63.6 L at the lowest CO2 level
to 87.2 L at the highest concentration. Cumulative water until near the end of the experiment, but evapotranspir-
ation in droughted compartments declined to about 50%additions to well-watered Yaqui 54 compartments
increased 22%, from 65.4 to 80.0 L, at higher CO2 concen- of that in continuously watered compartments. Evapo-
transpiration over the 44 days prior to 15 May averagedtration. Cumulative water additions to droughted Seri
M82 did not differ with CO2 treatment (mean 5 51 L per 24 L and 47 L in droughted and continuously watered
compartments, respectively. Average volumetric watercompartment). The volume of water added to droughted
Yaqui 54 increased linearly from 43.1–54.5 L with increas- content on 15 May, 7 days before harvest, was 16.8%
in the droughted soil compartments and 22.5% (theing CO2.
CO2-caused increases in WUE of above-ground bio- approximate field capacity) in the well-watered com-
partments.mass production of both cultivars were significant,
© 1997 Blackwell Science Ltd., Global Change Biology, 3, 269–278
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Fig. 6 Mass of individual grains of well-watered (filled symbols)Fig. 5 Tiller density of well-watered (filled symbols) and
and droughted (open symbols) plants of two cultivars of springdroughted (open symbols) plants of two cultivars of spring
wheat grown across a subambient CO2 gradient. The solid linewheat grown across a subambient CO2 gradient. The solid line
is a linear regression of grain mass of well-watered Yaqui 54is a linear regression of tillers m–1 of well-watered Yaqui 54
(y 5 12.1 1 0.06x, r2 5 0.48, P 5 0.03) on CO2. The dashed line(y 5 361 1 0.765x, r2 5 0.50, P 5 0.02) on CO2. The dashed line
is a linear regression of grain mass of droughted Seri M82is a linear regression of tillers m–1 of droughted Seri M82
(y 5 49.2–0.08x, r2 5 0.53, P 5 0.02) on CO2. Dotted lines depict(y 5 331 1 0.291x, r2 5 0.50, P 5 0.02) on CO2. Dotted lines
95% confidence intervals for regression lines. Grain mass indepict 95% confidence intervals for regression lines. Tiller density
other treatments was not related to CO2.in other treatments was not related to CO2.
Cure & Acock 1986; Baker et al. 1990; Allen et al. 1991;
Discussion
Lawlor & Mitchell 1991; Kimball et al. 1995). Per unit
increase in CO2, however, the increases in yield that weGrain yield
observed are similar to those of spring wheat grown from
about 350–600 µmol mol–1 CO2 (Gifford 1979). GiffordA 27% increase in CO2 from the pre-industrial concentra-
tion (275 µmol mol–1) to near the current level (350 µmol (1979) observed that grain yield of spring wheat rose 0.5
and 1.3 g m–2 for each annual increment in the current risemol–1) increased grain yields of Yaqui 54 and Seri M82
spring wheats more than 50% under well-watered condi- in atmospheric CO2 concentration, 1.2 µmol mol–1, under
water-stressed and well-watered conditions, respectively.tions (Fig. 3). Grain yields of the two cultivars more than
tripled when well-watered and increased 80% to 150% Grain yield of Seri M82 and Yaqui 54 increased about 0.5 g
m–2 per µmol mol–1 increase in subambient CO2 underwhen droughted during the latter half of the growing sea-
son as CO2 rose nearly 75% from slightly above 200 to about late-season drought, and 1.6 and 1.4 g m–2 per µmol mol–1
rise in CO2 under well-watered conditions, respectively.350 µmol mol–1. These proportional increases generally
exceed the 80% increase in yield of spring wheat grown in
pots over a comparable CO2 range, 150–300 µmol mol–1 Yield components
(Gifford 1977). They also exceed proportional increases in
yield of usually 60% or less when wheat or other C3 crops Increases in grain yield of Seri M82 and Yaqui 54 wheat
resulted almost entirely from greater numbers of grainsare exposed to elevated CO2 concentrations (Kimball 1983;
© 1997 Blackwell Science Ltd., Global Change Biology, 3, 269–278
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Fig. 8 Water use efficiency of above-ground biomass productionFig. 7 Number of grains per spike of well-watered (filled
(WUE) of well-watered (filled symbols) and droughted (opensymbols) and droughted (open symbols) plants of two cultivars
symbols) plants of two cultivars of spring wheat grown across aof spring wheat grown across a subambient CO2 gradient. Solid subambient CO2 gradient. Solid lines are linear regressions oflines are linear regressions of grains spike–1 of well-watered Seri
WUE of well-watered Seri M82 (y 5 0.37 1 0.007x, r2 5 0.64,M82 (y 5 –16.5 1 0.120x, r2 5 0.85, P , 0.001) and Yaqui 54
P 5 0.006) and Yaqui 54 (y 5 –0.08 1 0.007x, r2 5 0.71, P 5 0.002)(y 5 –7.5 1 0.082x, r2 5 0.87, P , 0.001) on CO2. Dashed lines on CO2. Dashed lines are linear regressions of WUE of droughtedare linear regressions of grains spike–1 of droughted Seri
Seri M82 (y 5 0.70 1 0.006x, r2 5 0.31, P 5 0.10) and Yaqui 54M82 (y 5 –9.6 1 0.086x, r2 5 0.82, P , 0.001) and Yaqui 54
(y 5 –0.19 1 0.009x, r2 5 0.61, P 5 0.008) on CO2. Dotted lines(y 5 –8.4 1 0.081x, r2 5 0.85, P , 0.001) on CO2. Dotted lines depict 95% confidence intervals for regression lines.depict 95% confidence intervals for regression lines.
per spike in both well-watered and droughted plants thinning of plants during this experiment may also have
lessened CO2 effects on tillering. Wheat was at or beyond(Fig. 7). Mass per grain, tillering, and numbers of fertile
spikes per plant were not consistently affected by CO2. the boot stage and, thus, the period when tillering would
be responsive to CO2 when plants were thinned to finalIn previous experiments with wheat, number of grains
per spike increased with (Krenzer & Moss 1975; Gifford density. In a previous experiment conducted in the same
chamber, above-ground biomass of oats (Avena sativa L.)1977, 1979; Chaudhuri et al. 1990) or was not affected by
CO2 (Sionit et al. 1980), but number of grains per plant increased nearly 300% from about 150–330 µmol mol–1
CO2 when grown at a density of 15 plants m–2 (Polleyor per unit area invariably increased. Irrespective of water
or other stresses, tillering and the number of spikes per et al. 1992). The increase in oat biomass reflected a 65%
increase in tillers per plant and 76% increase in biomassplant or per unit area are yield components that often
respond positively to elevated CO2 (Gifford 1979; Sionit per tiller.
Mass per grain of wheat increased in some (Krenzeret al. 1980; Sionit et al. 1981 a, b; Chaudhuri et al.
1990). No significant increase in tillering occurred in this & Moss 1975; Sionit et al. 1980; Sionit et al. 1981b;
Chaudhuri et al. 1990), but not all (Combe 1981; Giffordexperiment, perhaps because of the high plant density
(355 plants m–2) relative to other reports, although density 1979) studies at the current and elevated CO2 levels.
Atmospheric CO2 had little or no effect on the mass ofin our experiment was equivalent to that recommended
for the field in our geographical area. The progressive individual grains in well-watered plants in this study
© 1997 Blackwell Science Ltd., Global Change Biology, 3, 269–278
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per grain, however, especially in the later-maturing culti-
var Seri M82.
Differences in cumulative irrigation also contributed to
the greater sensivity of yield to drought treatments at
the current than lower CO2 concentrations, especially in
Seri M82. About 25 L less water was added to droughted
than well-watered compartments with Yaqui 54 over the
experiment, regardless of CO2 treatment. By contrast, the
difference in water added to well-watered compared to
droughted compartments with Seri M82 increased from
about 13–36 L as CO2 rose.
Factors contributing to yield responses to CO2
The highly positive responses of above-ground biomass
and grain yield to CO2 in wheat resulted from a variety
of physiological changes (Polley et al. 1993). Daytime net
assimilation of Seri M82 and Yaqui 54 canopies more
than doubled as CO2 rose, while the ratio of night-time
respiration to daytime net assimilation declined linearly
with CO2 concentration (Polley et al. 1993). Consequently,
daily (24-h) net CO2 accumulation per unit soil surface
area increased dramatically from low to high CO2 concen-
tration, from about 180 to 450 µmol CO2 m–2 d–1 during
March and from 120 to 500 µmol m–2 d–1 during the first
Fig. 9 Average United States wheat yields from 1866 to 2 weeks of April. The light compensation point of wheat
1989 (open symbols) and atmospheric CO2 concentration (filled canopies (the daily total of PPFD required for positive
symbols) over the same time period (upper), and the linear
carbon assimilation) declined as CO2 rose, suggestingregression of national annual average wheat yields against CO2
that light use efficiency, like WUE (Fig. 8), increased withconcentration (lower; y 5 31.6x – 8501, r2 5 0.87, P 5 0.0001).
CO2 concentration. The large increases in above-groundYields include all types of wheat and were compiled from the
United States Department of Agriculture’s Agricultural Statistics biomass and grain yield thus reflected positive contribu-
(1936 through 1990). Atmospheric CO2 data are from Friedli tions of carbon assimilation and retention that were
et al. (1986). proportionally greater than the increase in CO2 concentra-
tion over a broad subambient range.
(Fig. 6). Withholding water during grain-filling, elimin-
Historical wheat yields and CO2ated any positive effect of CO2 on mass per grain inYaqui
54 and caused grain mass to decrease as CO2 rose in the Annual world wheat production during recent decades
later-maturing Seri M82. This decrease in mass per grain rose 86% but the total area sown to wheat increased only
in Seri M82 resulted in lower grain yield (Fig. 3) and 25.4%, suggesting that yields increased ‘due to improved
harvest index (Fig. 4) under drought, particularly at CO2 varieties and cultural practices’ (Arnon 1972). Atmo-
concentrations approaching the current level. spheric CO2 concentration also rose rapidly during recent
The drought treatment had a more detrimental effect decades. Growth and yield of wheat are highly sensitive
on yield of Seri M82 than Yaqui 54 and at the current to subambient CO2 concentrations, implying that rising
than lower CO2 concentrations. These trends partly atmospheric CO2 has been partly responsible for the
reflected the timing of water deprivation and differences upward trend in yield of this crop (Gifford 1979).
in cumulative water supplied. Because water was with- Goudriaan & Unsworth (1990) found a near-perfect
held from the early boot stage to maturity, the severity relationship between world average cereal grain yield
of stress increased progressively after the midpoint of the per unit area and CO2 measurements at Mauna Loa,
growing season. Stress developed too late to significantly Hawaii from 1959 to 1986. They reasoned that rising CO2
influence tillering and spike density. Water deficits contributed about 1/14, or 7%, of the yield increase
developed after floral initiation and spikelet number was because the relative increase in grain yield has been seven
established, so the number of grains per spike was not times the relative increase in CO2 concentration and the
biotic growth (or yield enhancement) factor observedgreatly affected by drought. Drought did influence mass
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in experiments (ratio of proportional yield increase to wheat-growing areas and with greater disease-resistance
and physiological yield potential (Deckerd et al. 1985;proportional CO2 increase) rarely exceeds 0.5. Yield
enhancement factors calculated for grain from our experi- Perry & D’Antuono 1989). These examples of progress
in breeding, like cultural innovations such as effectivement range from 1.0 to 1.4 for the two cultivars when
droughted, and are µ 1.7 and 1.8 for well-watered Seri pesticides and widespread use of nitrogen fertilizers,
however, were introduced or widely employed in someM82 and Yaqui 54, respectively. Using these values,
corresponding proportions of the increase in world aver- areas, like the U.S., well after wheat yields began to climb
rapidly during the 1950s.age grain yield attributable to rising CO2 concentration
for the period addressed by Goudriaan & Unsworth
(1990) are 14–20% under drought and approach 25%
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